Novel porous organic polymers (POPs) have been synthesized using functionalized Cr and Co-salen complexes as molecular building blocks. The integration of metalosalen catalysts into the porous polymer backbone permits the successful utilization of the resultant functionalized material as a solidstate catalyst for CO 2 -epoxide cycloaddition reactions with excellent catalytic performance under mild conditions of temperature and pressure. The catalysts proved to be fully recyclable and robust, thus showing the potential of POPs as smart functional materials for the heterogenization of key catalytic elements.
Introduction
CO 2 reutilization is regarded as a plausible strategy to mitigate the waste CO 2 emissions from energy intensive industrial and human activities.
1 Therefore, the deployment of advanced technologies aiming to exploit CO 2 as a feedstock for the synthesis of valuable chemical products is highly desirable.
2 In this context, the synthesis of industrially relevant 3 cyclic organic carbonates from CO 2 and epoxides is gaining interest as a process that can be implemented under relatively mild conditions using recently developed homogeneous catalysts.
4,5
Nevertheless, the immobilization of such catalytic moieties to yield recoverable and reusable catalysts with preserved activity and selectivity remains an ongoing challenge.
Towards this goal, novel porous materials with adequate pore volume and surface area, strong affinity to CO 2 , and appropriate stability are being sought as prospective candidates to tackle this challenge. Porous-Organic Polymers (POPs) represent a promising class of sorbents that can fulll the abovementioned criteria. 6 Interestingly, the ability to assemble POPs using the molecular building block (MBB) approach offers potential to ne-tune their chemical composition and the resultant pore size, shape and functionality to address a given targeted application. Markedly, the predominant covalent character of these materials offers high thermal and chemical stability that permits the potential utilization of POPs under practical reaction conditions. Rationally, the potential POPs were recognized for applications pertaining to gas storage and separation, 6g,7 photoelectronics 8 and catalysis.
9
Salen complexes are widely recognized in catalysis 10 and proven to be effective homogeneous catalysts for the cycloaddition of CO 2 to epoxides.
11 Interest in heterogeneous metalosalen-based catalysts is largely driven by the quest to alleviate two major limitations commonly encountered in homogeneous catalysis, namely difficult separation/recovery of the catalyst from the reaction mixture and the limited catalyst lifetime due to either bimolecular deactivation leading to bridged m-oxide dimers 10b (hindered access to catalytic sites) and/or oxidative self-degradation. Therefore, the immobilization of metalosalens on solid matrices provides a promising approach to isolate and protect the catalytic sites of the metallacycle, and subsequently overcome the aforementioned drawbacks.
A few examples on the application of metalosalen-POPs as heterogeneous catalysts for the title cycloaddition have been 12 However, only few compounds have been investigated in spite of a large variety of metalosalens conceivable, depending on the choice of the metal, organic backbone and counter-ion. Here, we report the application of novel metalosalen-containing POPs as heterogeneous catalysts for the synthesis of cyclic carbonates from epoxides and CO 2 . The reported catalysts showed remarkable catalytic activities, under relatively mild reaction conditions, and excellent recyclability properties, i.e. convenient separation and multiple reuse of the material.
Experimental

Materials and methods
All reagents were commercially available and used as received unless further noted. NMR spectra were recorded at room temperature with a Bruker Avance III 500 MHz spectrometer using CDCl 3 as a solvent. Cross polarization magic angle spinning (CP-MAS) solid state 13 recorded on a Thermo Scientic Nicolet 6700 apparatus. Lowpressure gas adsorption measurements were performed on a fully automated Autosorb 6B (for N 2 sorption screening) and an Autosorb-iQ gas adsorption analyzer (Quantachrome Instruments) at pressures up to 1 atm. The cryogenic temperatures 77 K and 87 K were attained using liquid nitrogen and argon baths, respectively. Pore size distributions were calculated using a QSDFT pore size analysis method for carbons with slit-shaped/cylindrical/spherical pores. ICP-OES measurements of the metal loading on a porous material were carried out on a Varian 720-ES instrument aer digestion of a 10 mg sample in aqua regia. XPS studies were carried out on a Kratos Axis Ultra DLD spectrometer equipped with a monochromatic Al Ka X-ray source (hn ¼ 1486.6 eV) operating at 150 W, a multichannel plate and a delay line detector under a vacuum of 1-10 À9 mbar. The survey and high-resolution spectra were collected at xed analyzer pass energies of 160 eV and 20 eV, respectively. Samples were mounted in a oating mode in order to avoid differential charging. Charge neutralization was required for all samples. Binding energies were referenced to the aromatic sp 2 hybridized (C]C) carbon for the C 1s peak set at 284.5 eV. The morphology of samples was determined by using a eld-emission scanning electron microscope (FESEM, FEI Nova Nano 630). The chemical compositions of samples were analyzed by using an energy dispersive spectrometer (EDX, Quanta 600).
The compound was prepared following a reported procedure. 13 A suspension of trans-cyclohexane-1,2-diamine (1.71 g, 15 mmol) and 5-bromo-2-hydroxybenzaldehyde (6.03 g, 30 mmol) 6, 160.1, 135.1, 133.7, 120.0, 119.0, 110.3, 72.8, 33 .0, and 24.2.
Synthesis of 1
The material was synthesized following the reported procedure.
14 In a 150 ml oven-dried round bottom ask, a solution of N,N 0 -bis(5-bromosalicylaldehyde)cyclohexanediimine (0.96 g, 2 mmol) in dry DMF (30 ml, stored over CaH 2 ) and dry triethylamine (6 ml) The proposed elemental composition is based on a 1 : 1 reaction between the salen moiety and the polytopic 1,3,5-triethynylbenzene linker. As suggested in other studies, 14 factors such as chain termination by halogen atoms and residual halogen impurities, variable chain length, incomplete metalation and, possibly, homocoupling between the polytopic linker units can lead to a discrepancy between the elemental analysis values and those expected based on the stoichiometry of copolymerization. This is observed in this case and also for 1-Co and 1-Cr. In particular, this may result in a signicant relative deviation with regards to the proposed N content as it is present in small proportions relative to C. Nevertheless, the ICP, EDX and XPS analyses (vide infra) conrmed the expected metal content and the expected N/metal ratio.
Synthesis of 1-Co
In a 150 ml oven-dried round bottom ask, a solution of N,N 0 -bis(5-bromosalicylaldehyde)cyclohexanediimine (0.96 g, 2 mmol) and CoBr 2 (0.438 g, 2 mmol) in dry DMF (30 ml, stored over CaH 2 ) was heated at 110 C under Ar for 30 min. It was cooled to afford a deep green solution. To the solution of the metallated salen ligand, dry triethylamine (6 ml) was added causing a change of color to deep red. The ask was evacuated/ backlled with Ar twice, and the mixture bubbled with Ar for 30 min. Then, 1,3,5-triethynylbenzene (0.3 g, 2 mmol), PdCl 2 -(PPh 3 ) 2 (44 mg, 0.063 mmol), and CuI (12 mg, 0.063 mmol) were added in one portion, the ask was evacuated/backlled with Ar three times, sealed with septum and heated at 80 
Catalysis studies
In a typical setup 1-Cr (50 mg, 0.1 mmol of Cr, 0.2 mol%), NBu 4 Br (73.2 mg, 0.2 mmol, 0.4 mol%) and propylene oxide (PO) (3.5 ml, 50 mmol) were charged in a 100 ml stainless steel autoclave and CO 2 was added to the system until an internal pressure of 16 bar was reached. The reactor was heated up to 100 C, with the internal pressure stabilized at 20 bar (initial pressure). The mixture was stirred for 16 hours. Aer this period the system was allowed to cool to room temperature. The reaction vessel was cooled down with ice and the pressure was slowly released. The crude mixture was analyzed by NMR to determine propylene oxide conversion by comparison between the integrals of the corresponding protons of the starting epoxide and the carbonate product as in ref. 4a. The catalyst was recovered by decanting the liquid phase and subsequently suspended in dichloromethane. Dichloromethane was decanted and the catalyst was washed again with fresh dichloromethane. Decantation of the solvent afforded a solid that was dried in an oven at 80 C for 8 hours. The amount of catalyst recovered for each cycle corresponded to 94-96% of the initial amount.
Results and discussion
We utilized the Sonogashira-Hagihara cross-coupling reaction to construct POPs through linkage of the tailored ditopic salen molecules containing two bromophenyl groups and the tritopic linker 1,3,5-triethynylbenzene (Scheme 1). The cross-coupling reaction of the non-metalated dibromosalen with 1,3,5-triethynylbenzene resulted in an amorphous, porous solid (1). The metalated salen solutions (cobalt and chromium, respectively) were prepared in situ prior to Sonogashira coupling. The cobaltmetalated salen POP (1-Co) was obtained as deep-red crystalline, porous solid under similar reaction conditions. Accordingly, chromium dibromosalen afforded the chromiummetalated salen POP (1-Cr) as a brown porous solid. SEM images of 1-Co indicated smoother surface morphology as compared to the surface of 1-Cr, further supporting the micro-crystallinity observed for 1-Co as compared to the largely amorphous nature of 1-Cr inferred from X-ray powder diffraction (for PXRD data, see Fig. S1 , ESI †). Additionally, both polymers show uniform particle dispersity as shown in Fig. S12 , ESI. † The solids were insoluble in water and common organic solvents. Thermogravimetric analysis of all three materials showed loss of weight taking place only above 300 C, thus conrming the robustness of the compounds (Fig. S3 , ESI †). The N 2 sorption isotherms ( Fig. 1 for 3-Cr, Scheme 1) with the use of tetrahedral linker, tetra-(4-ethynylphenyl)methane and in the presence of tert-butyl groups on the salen scaffold. This shows that the nal surface area of the metalated porous solids is strongly dependent on the metal and on the pattern of substitution at the salen scaffold.
The successful salen metalation in 1-Co and 1-Cr is indicated by the observed solid-state UV-Vis (Fig. S4 , ESI †) and FT-IR (Fig. S2 , ESI †) spectra of the fully washed solids. The characteristic absorption bands for the O-H stretching (phenol, n ¼ 3294 cm À1 ) was signicantly reduced following metalation in both 1-Co and 1-Cr, indicating deprotonation of the phenolic hydroxyl groups. The UV-Vis spectra for 1-Co and 1-Cr exhibit typical absorption bands at l max of 486 and $400 nm, respectively, characteristic for the metal salen complexes.
15
ICP-OES analysis conrmed a Co loading of 8.05 wt% (calculated theoretical maximum loading is 9.51 wt%) and a Cr loading of 7.12 wt% (calculated theoretical maximum loading is 9.15 wt%). These results were further supported by EDX analysis of the polymers, see Fig. S13 -S15, ESI. † The difference between the theoretical and experimental loading may be attributed to the incomplete metalation of some inaccessible salen's coordination sites at the preparation stage, or competing coordination of the metal ions by the Et 3 N base used in the synthesis, and consistent with the observation of a residual OH stretching signal at 3294 cm À1 in the FT-IR spectra (Fig. S2, ESI †) . The XPS spectra of 1-Co and 1-Cr display the signals relative to the 2p 3/2 orbitals of the metal centers at 779.5 eV and at 576.6 eV respectively. According to the available XPS literature data for Cr 16 and Co, 17 the metals were found to be in a formal +3 oxidation state (see Fig. S7 -S10, ESI, † for a more detailed explanation of the XPS spectra of both compounds). The N/metal ratio of ca. 2 found for 1-Cr and 1-Co from the XPS survey spectra in Fig. S7 and S9 † respectively is in a good agreement with the proposed structures and conrms the successful metalation of the salen scaffolds. Homogenous Al-, Mn-, Cr-, Co-and Zn-salen complexes generally show high catalytic activities towards the cycloaddition of epoxides and CO 2 under mild reaction conditions.
11
Nevertheless, heterogeneous and recyclable metalosalen catalysts obtained by tethering the catalytic moieties to the traditional solid supports have proven far less active as compared to their soluble counterparts. These results are rationalized as an effect of the immobilization and limited accessibility of the catalytically active core. In this study, catalysts 1-Co and 1-Cr showed both remarkable activities towards the formation of cyclic carbonates under mild reaction conditions (see Table 1 ) in the presence of two equivalent amounts of tetrabutylammonium bromide (NBu 4 Br) as a nucleophilic co-catalyst. Very high to nearly quantitative conversions were obtained for mono-substituted epoxides 4a-4c (Table 1 , entries 5, 7, 9 for 1-Cr; entries 15, 17, 19 for 1-Co) at 100 C under 20 bar of CO 2 . Epoxide 2c proved to be the most reactive substrate for this reaction (Table 1 , entries 9, 19); nearly quantitative yields of the corresponding carbonate product were obtained aer 7 h even when using only half amount of the catalyst employed for epoxides 4a and 4b. Disubstituted epoxide 4d (Table 1, entries 11, 21) afforded only low yields of the corresponding product of cycloaddition as an effect of the increased steric bulk. The catalysts were recovered and reused for three additional catalytic cycles for each of 4a-4c substrates showing outstanding recyclability; the small drop in conversions observed can be mostly attributed to some catalyst loss due to handling at the recovery stage (Table 1, entries 6, 8, 10 for 1-Cr, entries 16, 18, 20 for 1-Co). Leaching of metal species was negligible as conrmed by ICP-OES analysis. Under the same reaction conditions, the metal-free polymer 1 showed much lower catalytic activity for the conversion of epoxide 4a (34% compared to 98% observed using 1-Cr and 89% observed for 1-Co Table 1 , entries 2, 5, and 15 for the reaction at 100 C and 20 bar CO 2 ). This can be attributed to the catalytic activity of the free phenol groups as reported by other authors. 22 The NBu 4 Br co-catalyst, used in the absence of POPs, showed residual catalytic activity both at 22 C and at 100 C (Table 1 , entry 1) but much lower than when used in combination with 1-Co and 1-Cr under identical reaction conditions. Further investigation of the activity of 1-Co and 1-Cr was dedicated to their catalytic performance under even milder conditions. When the reaction was performed at 75 C, moderate to good conversions were obtained for both catalysts (Table 1 , entries 4 and 14). Then, 1-Co and 1-Cr were tested for the reaction between 4a and CO 2 under ambient conditions (25 C, 1 bar CO 2 ). The catalysts proved to be active even under such challenging reaction conditions, although only low yields of the corresponding carbonate were obtained aer 48 h (19% and 25% for 1-Cr and for 1-Co respectively, Table 1 , entries 3 and 12). A comparison between 1-Co and the analogous Co salen-based microporous polymer developed by Xie et al.
12a
(2-Co) and employed under comparable reaction conditions, but using up to 15 equiv. of NBu 4 Br per mole of metal as a cocatalyst for 48 h, shows a slightly higher TON (167 vs. 125) in favor of the latter POP. In our case, increasing the NBu 4 Br/Co molar ratio from 2 to 15 did not have any substantial effect on the catalytic performance (Table 1, entry 13) . The difference in activity under ambient conditions, observed for 2-Co (Scheme 1), and our materials can be explained on the basis of a combination of both electronic and structural effects. Indeed, complexes 1-Co and 2-Co differ for the presence of t-butyl substituents at the aromatic ligands and for the counter-ions of the cobalt cations (Br À in our work, AcO À for Xie work). It is well known that both factors can have a strong inuence for tuning the catalytic activity of the salen complex metal centers, by altering its Lewis acidity. 11, 23 This is known to have a strong impact on the interaction between the nucleophilic co-catalyst and the metal center, on the ability of the latter to activate the epoxide for ring opening and on the following steps of CO 2 insertion and release of the carbonate product via cyclization. The barrier for these steps is known to depend on a ne balance between the Lewis acidity of the metal center and the nucleophilicity and basicity of the co-catalyst.
4b, 24 In this context, the presence of electron donating t-butyl substituents at the aromatic rings has been found to have a dramatic effect on the yield of the cycloaddition reaction of CO 2 to epoxides catalyzed by Co(III), 25 Al, 26 Zn, 27 and Cu 26 salen complexes. The direction of this effect (i.e. towards higher or lower catalytic efficiency) depends on the metal center. In the case of homogeneous Co(III) salen catalysts, the presence of t-butyl substituents at the aromatic rings was found to have the effect of a strong increase in catalytic efficiency as compared to the analogous Co(III) complex with unsubstituted aromatic rings.
25 This is in a good agreement with what was observed for catalysts 1-Co and 2-Co. The presence of the AcO À counter-ion in 2-Co could also play a role in increasing its catalytic activity versus 1-Co according to a comparative study for soluble Co(III) salen complexes.
25
However, on the basis of the results obtained for the homogeneous complexes, this effect is expected to be less pronounced than that of the substitution pattern at the phenyl rings of the scaffold. Assuming that the catalytic reaction takes place also within the pores of the POPs and not just on their exposed surface, the larger surface area of 2-Co (965 m 2 g À1 ) compared to 1-Co (370 m 2 g À1 ) might also play a signicant role in ensuring higher accessibility of the active centers. Remarkably, POPs 3-Cr and 3-Co, 12b having respectively lower and larger surface area as compared to those of 1-Co and 1-Cr (and in the case of 3-Co also a different counter-anion) displayed both higher TON values for the conversion of 4a than 1-Co and 1-Cr (cf. in particular the performance of 1-Co, 1-Cr at 75 C, that the electronic effects generated by the substitution pattern of the salen scaffold may have a stronger inuence on the catalytic activity than the surface area of the polymer. We compared the catalytic performance of 1-Co and 1-Cr with that of other supported salen systems. Interestingly, the conversion of epoxide 4a afforded by our catalysts in 16 h at 100 C and 20 bar CO 2 (Table 1, The activity of the latter system is higher at slightly lower temperatures as it affords 80% 4a conversion in 4 h at 80 C and 20 bar CO 2 (see also d Catalyst 1-Cr (100 mg, 0.137 mmol Cr), NBu 4 Br (146.5 mg, 0.4 mmol), propylene oxide (3.5 ml, 50 mmol).
e Control experiments for the NBu 4 Br co-catalyst carried out using propylene oxide (3.5 ml, 50 mmol) and NBu 4 Br (549.6 mg, 1.5 mmol) for the experiment at 1 bar CO 2 , 22 C in 48 h, or using NBu 4 Br (73.2 mg, 0.2 mmol) for the experiment at 100 C, 20 bar CO 2 in 6 h (the values for this experiment are given in brackets).
f Control experiments for the non-metalated species 1 using: propylene oxide (3.5 ml, 50 mmol) and: 1 (100 mg), NBu 4 Br (146.5 mg, 0.4 mmol) for the experiment at 1 bar CO 2 , 22 C in 48 h, or 1 (50 mg), NBu 4 Br (73.2 mg, 0.2 mmol) for the experiment at 20 bar CO 2 , 100 C in 16 h (the values for this experiment are given in brackets).
g At 1 bar CO 2 . h Reusing the catalyst recycled from the previous entry for three additional catalytic cycles. i Catalyst 1-Co (50 mg, 0.0685 mmol Co), NBu 4 Br (62.3 mg, 0.17 mmol), propylene oxide (3.5 ml, 50 mmol).
j Catalyst 1-Co (72 mg, 0.1 mmol Co), NBu 4 Br (124.6 mg, 0.34 mmol), propylene oxide (3.5 ml, 50 mmol).
k Catalyst 1-Co (100 mg, 0.137 mmol Co), NBu 4 Br (934.2 mg, 2.55 mmol), propylene oxide (3.5 ml, 50 mmol).
epoxides is highly desirable in order to fully exploit the potential of this novel catalyst design.
Conclusions
We report the application of novel POPs as heterogeneous catalysts for CO 2 conversion, and specically, as porous solid matrices where catalytically active molecules are covalently integrated into the scaffold backbone. In the presented metalosalen-based POPs, the coupled enhancement of catalyst lifetime and facile recyclability conrms the potential of POPs as novel matrices to immobilize small functional molecules into porous robust solids. The obtained catalytic results are compared with those reported for other salen-based POPs that have been employed as catalysts for the title reaction. It is worth highlighting that analogously as for the homogeneous catalysis, the electronic features of the salen backbone play a decisive role in catalysis, and can be amplied by the morphological properties of the synthesized POPs. In the light of the nearly innite number of possibilities in terms of the choice of the salen scaffold, metal, counter-anion and polytopic linker, very active heterogeneous catalysts can be generated in the future for the xation of CO 2 , by its cycloaddition to epoxides to yield liquid organic carbonates.
